We obtain the entropy of Schwarzschild and charged black holes in D > 4 from superconformal gases that live on p = 10−D dimensional brane-antibrane systems wrapped on T p . The properties of strongly coupled superconformal theories such as the appearance of hidden dimensions (for p = 1, 4) and fractional strings (for p = 5) are crucial for our results. In all cases, the Schwarzschild radius is given by the transverse fluctuations of the branes and antibranes due to the finite temperature.
Introduction
The origin of black hole entropy [1, 2] is one of the main open questions in string theory. The entropy of extreme and near-extreme black holes can be successfully calculated in string theory [3] . However, the entropy of Schwarzschild black holes still remains unexplained. Schwarzschild black holes can be described as very highly excited strings at the Hagedorn temperature and living on the stretched horizon [4,-13] . For asymptotic observers, these strings have rescaled tensions due to the gravitational redshift. This description gives the entropy of Schwarzschild black holes and black p-branes [14] for any amount of nonextremality and in all dimensions up to a numerical factor of O (1) . Due to the complete lack of supersymmetry and our lack of knowledge of the physics of very highly excited strings, it is quite difficult to improve this description.
Recently, a different description of Schwarzschild black holes was given in ref. [15] in terms of a brane-antibrane system. It was shown that the entropy of D = 7
Schwarzschild black holes can be obtained from two copies of a 3 + 1 dimensional Yang-Mills gas at a finite temperature living on an equal number of D3 andD3 branes which are wrapped on a T 3 . The branes and antibranes do not annihilate each other and the system is stable due to the finite (and equal) temperatures of the gases which result in a positive mass squared to the tachyon. The prescription of ref. [15] is, for a given mass and charge, to maximize the entropy of the gas.
This fixes the number of branes and the energy of the gas (nonextreme energy) which is of the same order as the brane tension. This prescrition gives the correct entropy for Schwarzschild black holes in D = 7 dimensions in terms of nondilatonic branes, i.e. D3 branes of string theory. The prescription also gives the entropy of D = 7 charged black holes (i.e. wrapped black branes) simply by taking different numbers of branes and antibranes. The work of ref. [15] has been generalized to cases in other dimensions by using near-extreme black brane entropy formulas for unstable branes or DD systems far from extremality [17, 18] . Other generalizations such as rotating and/or multi-charged black holes appeared in refs. [16, 19, 20, 21] .
In this paper we show that the entropy of Schwarzschild and charged black holes in D > 4 can be explained by that of a pair of superconformal gases at a finite temperature living on a system of N branes andN = N antibranes of dimension p = 10 − D. We argue that, in general, for a given p brane (or antibrane) the world-volume theory is not the p + 1 dimensional ideal Yang-Mills gas but the corresponding superconformal gas due to the very large dimensionless 't Hooft coupling. Due to our lack of knowledge of the precise numerical coefficients in the equations of state for these superconformal theories, our results agree with the black hole entropy up to factors of O(1). However, if these coefficients are obtained from the AdS/CFT duality, the mismatch is a calculable power of 2 [17, 20, 21] . For p = 3, D = 3 + 1 N = 4 supersymmetric Yang-Mills theory is superconformal for any value of the coupling which agrees with ref. [15] . (Similarly the prescription of ref.
[] applies to M2 and M5 branes because the world-volume theories of these are also superconformal .) Interesting but well-known properties of p + 1 dimensisonal superconformal field theories [22, 23, 24] are crucial for our description. For example, in the superconformal limit, the 1 + 1 dimensional theory grows a new dimension of size 1/g whereas a 4 + 1 dimensional theory grows a dimension of size g 2 [25, 26] .
In 5 + 1 dimensions, the world-volume theory is described by fractional strings [27] .
We consider these cases in detail and then give the general equation of state for the superconformal gas. We use the prescription of ref. [15] We also generalize these results to multicharged black holes. These are described by 2 n different types of superconformal gas (each at a different temperature) which arise from the different types of strings that connect the different branes and/or antibranes. Since the total entropy is given by the sum of the entropies of the superconformal gases, it seems that these superconformal gases do not interact with each other. This paper is organized as follows. In section 2, we briefly review the presciption of ref. [15] . In section 3, we consider Schwarzschild black holes in D > 4.
We the examine the cases of D = 5, 6, 9 in detail and then give general results for Schwarzschild black holes in D > 4. In section 4, we consider black p branes, i.e. charged black holes which may or may not be near extreme. In section 5, w e generalize our results to multicharged black holes. Section 6 contains a discussion of our results and our conclusions.
D = 7 Black Hole Entropy and Brane-Antibrane Systems
In ref. [15] , the entropy of D = 7 Schwarzschild black holes were obtained from a gas living on N D3-D3 branes wrapped on T 3 . In this setup, the branes and antibranes do not annihilate because of the finite temperature of the gas which (the tachyon which is stabilized) cannot be excited at these low temperatures. The mass, entropy and charge of the D3-D3 system is given by
and
where the tension of the D3 brane is T 3 = 1/(2π) 3 g s ℓ 4 s . The constant a = 8 in weakly coupled super Yang-Mills theory but can be argued to be a = 6 in the strongly coupled limit from AdS/CFT correspondence.
We now specialize to the Schwarzschild black hole which is described by N =N.
Then the gases on the branes and antibranes have the same energy and temperature. Eqs. (2.1) and (2.2) become
The value of N is obtained by maximizing the entropy for fixed M F T . Maximizing the entropy
one finds that
We see that the energy in the brane tension and in the gas are comparable. Using eq. (2.7) in eq. (2.6) we find
where T 3 = √ π/κ and G 10 = 8π/κ 2 . From supergravity, a neutral black D3 brane with Schwarzschild radius r 0 has mass
Then, using M F T = M SG we get
The temperature of the gas, T F T ∼ (g s N) −1/4 ℓ −1 s gives the Hawking temperature which satisfies 1/ √ g s N ℓ −1 s << T << ℓ −1 s as required. The temperature of the gas is not crucial in this case because the world-volume theory on a D3 brane (or antibrane) is superconformal at all values of the coupling. We will see in the next section that the low gas temperature requires the world-volume theory to be the superconformal theory rather than the naive p dimensional ideal gas. The negative specific heat of the black hole is explained by the fact that when the energy decreases, brane-antibrane pairs annihilate. The energy of the pair goes to the gas which increases its temperature resulting in negative specific heat for the system.
The above description can be generalized to D = 7 charged black holes (or to black D3 branes wrapped on T 3 ) [15] . The mass, entropy and charge of the system is given by eqs. (2.1)-(2.3) with N =N. The supergravity expressions for these are given by
Comparing these to eqs. (2.1)-(2.3) we find the number of branes and antibranes
(2.14) and the gas energy
In terms of N,N and E the entropy becomes
which is the entropy of a gas on N D3 branes plus that of a gas onND3 branes.
Note that for N =N , the temperatures of the two gases are not equal. This is not a problem because the two gases are decoupled at these low temperatures. In this case, T F T is given by 2
and agrees with the Hawking temperature. A point that is left unexplained is the fact that for the prescription to work the two gases need to have equal energies even though they are not in contact [15] .
Schwarzschild Black Hole Entropy and Superconformal Field Theories
In this section we generalize the results of ref. [15] summarized in the previous section to Schwarzschild black holes in D > 4. As we will see, these black holes can be described by brane-antibrane systems of p = 10 − D dimensions with a superconformal gas (at a finite temperature) living on them. Again the only massles degrees of freedom arise from strings that connect branes to branes or antibranes to antibranes. We assume that, in all dimensions, the temperature is high enough to stabilize the system, i.e. to give a positive mass squared to the open string tachyon of the system. As a result, the strings that connect branes to antibranes are massive and the branes are decoupled from the antibranes. The reason the gas is superconformal and not an ideal gas is its low temperature; in all cases the dimensionless ('t Hooft) coupling of the world-volume theory is very large. This means that the world-volume field theory is described by a superconformal field theory rather than the weakly coupled super Yang-Mills theory.
We first consider the specific cases of Schwarzschild black holes in D = 9, 6, 5 dimensions in detail. These are described by superconformal gases on braneantibrane systems with p = 1, 4, 5. Since, in the strong coupling limit, we know the equation of state of the superconformal theories up to numerical factors of O(1), all our results for black hole entropy will also be correct up to the same factors.
However, if one uses the AdS/CFT duality to derive the numerical coefficients of the equations of state the mismatch between S F T and S SG becomes a computable power of 2 [17, 20, 21] .
D = 9 Schwarzschild Black Holes
We begin with the Schwarzschild black hole in D = 9. According to the prescription of ref. [15] , this can be described by two copies of a gas that lives on N D1 branes andN = N anti-D1 branes. In 1 + 1 dimensions, the coupling constant has dimensions of mass. Therefore the dimensionless ('t Hooft) coupling constant of the gas isg
We will see below thatg 2 ∼ N 4/3 . At strong coupling, the gas is described by a superconformal theory with equation of state [28, 31] 
where the D1 brane tension is T 1 = 1/(2π)g s ℓ 2 s . We see that the above equations of state are those of a 2 + 1 dimensional superconformal theory with a new dimension of size g −1 . This is not surprising since D1 branes are in fact M2 branes (wrapped around a shrinking T 2 ). In fact, the equation of state in eq.(3.3) is exactly the one for an ideal gas for M2 branes (considered in ref. [15] ) with a volume of LG −1 .
Thus D = 9 Schwarzschild black holes can be described either by a system of M2 −M 2 branes in M-theory or a system of D1 −D1 branes in string theory. Now we can write the mass of the N pairs of D1 branes and antibranes and the two gases living on them as
The entropy is
Maximizing the entropy with respect to
for a given M F T we find that
Using this in eq. () and taking
which is the entropy of a D = 9 Schwarzschild black hole. Alternatively using the supergravity mass for the black hole with Schwarzschild radius r 0 [14, 28] 
we find that
Using eqs. (3.6) and (3.7) we find the temperature of the gas (which is the Hawking temperature)
This temperature used in eq. (3.1) justifies our argument for a superconformal theory for the gas.
D = 6 Schwarzschild Black Holes
For a D = 6 Schwarzschild black hole we need to consider two copies of superconformal gas on N pairs of D4-D4 branes. Thus we need to describe a 4+1 dimensional superconformal field theory in which the coupling has dimension (length) 1/2 .
Such a theory has an equation of state given by [28, 31] 
where the D4 brane tension is T 4 = 1/(2π) 4 g s ℓ 5 s . We see that the equation of state describes a superconformal theory in 5 + 1 dimensions with an extra dimension of size g 2 [25, 26] . Again, this is not surprising since a D4 brane is an M5 brane wrapped around the 11 th dimension. The equation of state in eq. (3.13) is exactly the one for an ideal gas (considered in ref. [15] ) on M5 branes with volume L 4 g 2 .
Therefore we can describe D = 6 Schwarzschild black holes either by a system of M5 −M 5 branes in M-theory or by a system of D4 −D4 branes in string theory.
The mass of the brane-antibrane system is
whereas the entropy is
Eliminating the temperature from S we find
Maximizing S with repect to N for a fixed M F T we find
Using the expression for N in S and taking M F T = M BH we get
where
Alternatively, we can use the supergravity mass of the black hole with Schwarzschild radius r 0 [14, 28] 
(3. 19) we find that
which is the correct result. In this case the temperature of the gas is
As a result, the dimensionless ('t Hooft) coupling is very largẽ
which justifies our use of the superconformal theory.
D = 5 Schwarzschild Black Holes
For D = 5 Schwarzschild black holes we need to consider two copies of gas on N pairs of D5-D5 branes. It is well-known the world-volume theory on D5 branes is not a field theory but a (noncritical) string theory [27] . In fact, the finite temperature gas on N D5 branes can be described by N strings with fractional tension ∼ 1/g 2 N ∼ 1/e 2 at their Hagedorn temperature T H ∼ 1/g √ N ∼ 1/e. As a result we have (with the D5 brane tension
for the mass and
Maximizing S we find
so that now
We see that entropy is proportional to energy as expected in a string theory. The
Hagedorn temperature is T H ∼ 1/g √ N. Using eq. (3.25) and M F T = M BH , S can be written as
Alternatively, we can take the supergravity mass of of the Schwarzschild black hole with radius r 0 [14, 28] 
as required. Note that in this case the dimensionless coupling is
Schwarzschild Black Holes in D > 4
From the above discussion it is clear that, in general, a D > 4-dimensional Schwarzschild black hole can be described by a system of N p = 10 − D braneantibranes with a superconformal gas on their world-volumes. The generic equation of state for a superconformal theory on p
and E is the energy of the superconformal gas E = M F T − NT p L p . As we saw above, in all dimensions, maximizing the entropy gives
Then, the entropy becomes (with
which is the correct entropy for Schwarzschild black holes in D > 4 dimensions.
We can also use the supergravity mass of the Schwarzschild black hole with radius
The temperature of the gas is obtained from eq. (3.31) to be
It is easy to show that T is in fact the Hawking temperature of the black hole. For a large black hole T ∼ E 1/2−λ ∼ N 1/2−λ is very low which justifies our use of the superconformal theories. We also see that λ > 1/2 for all D and therefore T and E are inversely proportional resulting in a negative specific heat for the black holes.
We now show that the Schwarzschild radius of the black hole (for any D > 4)
is given by the transverse oscillations of the branes (and antibranes) due to the finite temperature. From the virial theorem we get for the branes
where the mass of a p-brane is m p = L p /(2π) p ℓ p+1 s . Now using the fact that the characteristic frequency of the branes is ∼ T , we can replace the time derivatives with T . The maximization of the entropy of the system with respect to N gives
Assuming M F T = m SG and using T ∼ 1/r 0 and m SG ∼ r
we find from (3.38) and (3.39) that < X 2 >∼ r 2 0 . Since the temperature of the antibranes is equal to that of the branes we get the same result for the antibranes. Therefore, the extent of the transverse oscillations of the brane-antibrane system due to the finite temperature gives black hole radius. 
Charged Black Hole Entropy and Superconformal Field Theories
We now generalize our results to charged black holes or (wrapped) black branes.
For a D-dimensional charged black hole we need to consider a system of N Dp branes together withN anti Dp branes where N =N [15] . In addition there will be two superconformal gases at different temperatures living on the branes and antibranes. As for the D = 7 case the two gases will have different temperatures but need to have the same energy in order to reproduce the correct entropy. The mass, entropy and charge of the Dp-Dp system is given by
where the tension of the Dp brane is
s . Again, both gases are at very low temperatures which mean that the dimensionless 't Hooft couplings are very large. This justifies our use of the superconformal theories on the brane world-volumes. The equations of state for each one of the superconformal gases is
where E is the energy of the superconformal gas
The sum of the entropies of the two gases is given by
where we used the fact that both gases have the same energy. The supergravity mass, entropy and charge of a D-dimensional black hole are given by (d = 7 − p) [14, 28] 
As before, the relations between N,N and E are obtained by maximizing the entropy with respect to N andN .
From the expression for the charge we find that
(4.10)
Using the expressions for E an N,N, we find that the entropy of the superconformal gas in eq. (4.4) agrees with that of the charged black hole in eq. (4.7). If we use the results from AdS/CFT duality to predict the coefficients of the equations of state for the superconformal theories we find S F T 2 λ S SG where is given by eq. 
In addition, now T ∼ 1/r 0 e γ . Using the relation between M SG and r 0 (and those for m p , G 10−p ) we find < X 2 >∼ r 2 0 as before. For the antibranes, we obtain ,X 2 >∼ r 2 0 if we repeat the same exercise but switch the sign of γ in eq. (4.11) and useT ∼ 1/r 0 e −γ .
Multicharged Black Hole Entropy and Superconformal Field Theories
For D-dimensional black holes with n charges the mass, entropy and charge are given by [14, 28] Each one of the superconformal gases has an equation of state
where E is the energy of the superconformal gas. From eq. (5.3) we find that
Then the total entropy of the system becomes
where we took into account all 2 n superconformal gases. As usual, maximizing the entropy for a given mass and set of charges we find
Using eqs. (5.6) and (5.8) we find that the total entropy of the gas given by eq.
(5.7) equals (up to a numerical constant) that of the black hole in supergravity.
Again, if we use the AdS/CFT duality to predict the numerical coefficient in the equations of state, we find S F T = 2 −λn S SG where λ is given by eq. (3.32). Note that the total entropy is the sum of the entropies of the 2 n superconformal gases which means that the superconformal gases do not interact with each other. The temperature of the collection T F T which is the Hawking temperature of the black hole is given by
where 2 ≤ j ≤ 2 n counts all the possible combinations of branes and/or antibranes.
Conclusions and Discussion
In this paper we showed that the entropy of Schwarzschild and charged black holes in D > 4 can be obtained from that of a system of N branes andN antibranes with a pair of superconformal gases living on them. This is a generalization of the prescription of ref. [15] to different dimensions. Note that in [15] , the simplest case with D = 7 or p = 3 which is superconformal for any value of g was examined. Since we do not know the precise equation of state of the superconformal field theory in p < 6 dimensions, our results give the black hole entropy up to numerical factors of O(1). In all dimensions, the world-volume theory is in the strongly coupled superconformal limit (rather than say in the weakly coupled super Yang-Mills limit) due to the low temperature. In other words, in all cases, the dimensionless 't Hooft coupling at the scale given by the temperature of the gas is very large.
Well-known but nevertheless intriguing properties of these superconformal theories are crucial for reproducing the black hole entropy. These include the appearance of new dimensions for p = 1, 4 and of fractional strings for p = 5. Not surprisingly, we were not able to obtain the entropy of D = 4 black holes due to the wellknown fact that D6 brane world-volume theory has a negative specific heat and is not well-defined. We also showed that the same prescription can explain the entropy of multicharged black holes. For a black hole with n charges, there are 2 n superconformal gases of the types described above which do not interact with each other.
As shown in refs. [16.17] , one can also add angular momentum to the black holes considered above. in this case, on the world-volume, one needs to consider superconformal gases which carry R-charges. The nonzero R-charge requires a modification of the equations of state of the superconformal theories which can be obtained from the AdS/CFT duality.
In ref. [20] it was noticed that the entropy of black holes far from extremality can be obtained from the entropy of near extreme D-branes using the prescription of ref. [15] . In light of our results this makes sense since the equations of state for superconformal theories that we used can be obtained from a correspondence between near extreme branes and world-volume theories at a finite temperature.
The same equations of state have been used to obtain the entropy of D > 5
Schwarzschild black holes in M(atrix) theory [31] . In that case the world-volume theory is near extreme due to the large boost. In the present case, it seems that a black hole far from extremality can be constructed by adding a large number of near extreme brane-antibrane pairs with zero net charge. The prescription of ref. [15] depends on the fact that brane-antibrane pairs are stable at a finite temperature. This was shown for p = 3 in detail in [15] . In this paper, we have simply assumed that this is still the case for p < 6 in order to use the same prescription. It would be nice if this can be shown explicitly by examining the behavior of the open string tachyon at a finite temperature for all p.
Finally, due to the success of the above prescription in explaining black hole entropy one may wonder whether a similar approach may be used to explain the 
